Introduction
The epithelial lining of the Fallopian tube, which provides the micro-environment for gamete transport, fertilization and the first 3 days of preimplantation embryo development (Ortiz and Croxatto, 1990) , is a simple columnar epithelium which contains both ciliated and mucus-secreting cells (Verhage et al., 1979; Crow et al., 1994) . Tubal epithelial cells from many species, including man, have been grown in monolayer culture, where they lose morphological features associated with the epithelium in situ and adopt a generally flattened epithelioid morphology with microvilli on their apical cell surface (Oubibi et al., 1989; Bongso et al., 1989a; Henriksen et al., 1990; Thibodeaux et al., 1991; Dickens et al., 1993) . Tubal cells grown on permeable Cellagen supports are morphologically similar to those grown on plastic substrates, but have been shown to retain functional polarity (Dickens et al., 1993; Edwards and Leese, 1993) . The presence of secretory vesicles and the secretion of tubal-specific proteins in bovine and ovine tubal epithelial cell cultures suggests that cells of a secretory phenotype may be retained in culture (Joshi, 1988; Gandolfi et al., 1989; Joshi, 1991) . However, it is unclear whether the absence of ciliated cells in primary tubal epithelial cell cultures is due to a failure of such cells to adhere and survive, or due to processes of deciliation or dedifferentiation in vitro.
The development of preimplantation embryos in vitro is generally compromised compared with those growing in vivo, suggesting that the Fallopian tube may have a specific role in embryo development. Embryos grown in culture in the absence of the oviduct show a reduced number of embryos reaching the blastocyst stage and lower pregnancy rates (Bongso et al., 1989b (Bongso et al., , 1992 Carney et al., 1990; Takeuchi et al., 1992; Yeung, 1992) .
Co-culture of embryos with tubal epithelial cells has enhanced the in-vitro development of a number of species including man, mouse and rabbit (Bongso et al., 1989b (Bongso et al., , 1992 Carney et al., 1990; Sakkas and Trounson, 1991; Takeuchi et al., 1992; Yeung et al., 1992) . However, observations from co-culturing embryos with non-tubal epithelial cells (Ménézo et al., 1990 (Ménézo et al., , 1992 Schillaci et al., 1994) and dermal fibroblasts (Wetzels et al., 1992) suggest that the effects of tubal epithelial cells on embryo development may not be tubal-specific. As the differentiated phenotype of tubal epithelial cells in vitro has been little considered, it may be that these cells are functionally immature and lacking in any differentiated tubal cell function.
The specific roles of ciliated and secretory epithelial cells in the Fallopian tube remain to be fully elucidated. There is evidence that secretory cells produce tubal-specific glycoproteins (Rapisarda et al., 1993) , which may have some, as yet undefined, embryotrophic function. The ciliated cells are thought to be involved in gamete and embryo transportation and may bind sperm to form 'sperm reservoirs' (Suarez et al., 1991) . Whether the ciliated cells have any direct effect on embryo development is unknown and further investigation of ciliated cell function would be facilitated if ciliogenesis could be induced in vitro.
The epithelium of the Fallopian tube expresses both progesterone and oestrogen receptors (Amso et al., 1994) . There is evidence that differentiation of the tubal epithelium in vivo is under the control of steroid hormones. Ovariectomy leads to the loss of cilia and oviduct secretions in baboons (Verhage et al., 1976 (Verhage et al., , 1990 and rabbits (Eddy et al., 1978) . Subsequent injections of oestrogen restore both ciliated cells and secretory activity. The administration of exogenous oestradiol-17β and progesterone to neonate hamsters showed that a ciliated phenotype could be induced by either hormone, but that secretory cells only differentiated in the presence of oestradiol (Abe and Oikawa, 1993) . Although there is no direct evidence in man that cilia are maintained by oestrogen, this seems likely, as postmenopausal women show deciliation of the Fallopian tube unless given exogenous oestrogen (Donnez et al., 1983) .
Despite the evidence in vivo, relatively few studies have investigated the response of tubal cells to oestrogen or progesterone in vitro. The few studies reported suggest that steroid hormones do not alter the morphology of primary tubal cell cultures (Ouhibi et al., 1989; Thomas et al., 1995) , although they may modulate protein production and secretion (Joshi, 1991; Laird et al., 1995) . In order to investigate any effect on cell phenotype, we have used antigenic markers to confirm and characterize the epithelial derivation of primary human tubal cell cultures and have shown that, although the cells are undifferentiated topographically, they retain some characteristics of a secretory cell phenotype, express both oestrogen and progesterone receptors and can be induced to undergo ciliation in response to oestradiol-17β.
Materials and methods
Fallopian tubes were obtained with informed consent from premenopausal patients who were undergoing hysterectomy for reasons unconnected with tubal pathology. Tubes were collected from 23 patients at different stages of the menstrual cycle: early proliferative (n ϭ 6), late proliferative (n ϭ 7), early secretory (n ϭ 4) and late secretory (n ϭ 6). Specimens were collected from St James's University Hospital, Leeds, the Princess Royal Maternity Hospital, Hull, and The General Infirmary, Leeds under the local ethical approval of each centre.
Primary culture of human tubal epithelial cells
Fallopian tubal epithelial cell cultures were established from 16 donors. Isolation of tubal epithelial cells was carried out using the modified method described by Dickens et al. (1993 Dickens et al. ( , 1996 and based on the original methods of Kimber et al. (1993) and Glasser et al. (1988) . Briefly, Fallopian tubal epithelial cells were isolated from the stroma by incubation of the tissue for 2 h in Hanks' balanced salt solution (HBSS) containing 2.7% (w/v) pancreatin (Gibco Life Technologies, Paisley, UK) and 0.5% (w/v) type III trypsin (Sigma, Poole, UK). The cells were seeded at an initial density of 1ϫ10 6 /ml onto sterile Teflon-coated 12-well glass Multitest slides (C.A.Hendley Ltd, Loughton, UK) or onto 25 mm diameter Cellagen inserts (ICN Biomedicals Ltd, Thame, UK) supported in a 24-well plate (Sterilin, Stone, UK). Cultures were maintained in medium consisting of a 1:1 mixture of Ham's F12 (Sigma) and Dulbecco's modification of Eagle's medium (DMEM; Sigma), supplemented with 0.1% (w/v) bovine serum albumin (BSA; Sigma), 2.5% (v/v) fetal bovine serum (FBS; Sigma), 2.5% (v/v) 'NuSerum' (Becton Dickinson, Cowley, UK), 270 U/ml penicillin (Gibco), 270 mg/ml streptomycin (Gibco) and 2 mg/ml Fungizone (Gibco). The suppliers of both FBS and NuSerum stated that these products were tested for steroid hormones and that oestradiol was not detectable. Oestradiol-17β (Sigma) was prepared as a stock solution at 1 mg/ml in absolute alcohol. The stock solution was diluted in culture medium to a final concentration of 150 pg/ml of oestradiol-17β. As a control, absolute alcohol with no oestradiol-17β was diluted in medium to give a final concentration of 0.0002%. This was equivalent to the amount of ethanol present in 2000 pg/ml of oestradiol-17β.
Immunohistology
Two adjacent 0.5 cm segments were removed from the midsection of Fallopian tubes from 23 patients. For cryosections, one specimen was embedded in cryocompound (Leica, Milton Keynes, UK), frozen in cardice and used to prepare 5 µm sections on 12-well slides treated with 3-amino-propyltriethoxy-silane and formalin to improve tissue adherence (Southgate and Trejdosiewicz, 1997) . The second specimen was fixed overnight in 10% formalin in PBS, dehydrated to xylene and embedded in paraffin wax. Nominal 5 µm sections were cut onto 'Super Frost Plus' slides (BDH, Lutterworth, UK), dewaxed and rehydrated through graded alcohols to water. For histological evaluation, sections were stained with haematoxylin and eosin, dehydrated, cleared and mounted in DePeX (BDH).
Antibodies
The specificities of primary antibodies used in the study are shown in Table I . Monoclonal antibodies LdS103 (Southgate et al., 1987) and LhS28 (Comer et al., 1998) 
Immunoperoxidase
Paraffin wax sections (5 µm thick) of human Fallopian tube were labelled using an avidin-biotin complex (ABC) peroxidase kit (Dako) used according to the manufacturer's instructions, but with the inclusion of an avidin-biotin blocking step (Vector Laboratories, Peterborough, UK), as described by Southgate and Trejdosiewicz (1997) . Antigen retrieval was required for all antibodies except HMFG2. For most antibodies, the dewaxed sections were boiled for 10 min by microwave treatment at 800 W for 12.5 min in 10 mM citric acid pH6.0. E3 antigen retrieval was performed by incubation of tissue sections in porcine pancreatic type II trypsin (Sigma) in 0.1% (w/v) calcium chloride for 1 min, followed by microwave treatment, as above. Specific antibody binding was visualized by a diaminobenzidine substrate reaction. Slides were counterstained in haematoxylin, blued in Scott's tap water, dehydrated, cleared and mounted in DePeX. Negative controls comprised either the omission of primary antibody or substitution with an irrelevant antibody (Southgate and Trejdosiewicz, 1997) .
Immunofluorescence
Four to 11 days post-plating, cells cultured on multitest slides were fixed in methanol:acetone and air-dried. Cultured cells and cryosections of Fallopian tube were incubated for 1 h with primary antibody. For double labelling experiments, primary antibodies reacting with discrete cellular compartments (e.g. nuclear versus cytoplasmic) were added simultaneously. Slides were rinsed in PBS, fixed for 2 min in methanol:acetone, air dried and incubated in either goat anti-mouse Ig fluorescein isothiocyanate (FITC) or goat antirabbit Ig FITC (Southern Biotechnology Associates, supplied by Eurogenetics, Hampton, UK) for 30 min. The slides were washed in PBS containing 0.25% Tween 20, rinsed in distilled water and airdried. Slides were mounted in a glycerol mountant containing 1,4-diazobicyclo(2,2,2,)-octane DABCO (2.5 g DABCO in 10 ml 0.1 M NaHCO 3 pH 9.0 and 90 ml glycerol) to prevent photobleaching (Southgate and Trejdosiewicz, 1997) .
Scanning electron microscopy
Cultured cells grown on Cellagen inserts were fixed in 4% formaldehyde (Fisons, Loughborough, UK) and 2.5% glutaraldehyde (Grade 1, 25% aqueous solution) in phosphate buffer (0.05 M NaH 2 PO 4 , 0.15 M Na 2 HPO 4 , pH 7.2) for 15 min. The membranes were dehydrated through a series of graded alcohols and critical-pointdried. The mounted membranes were coated in a SEM E5000 coating unit and examined in a Hitachi S-2400 scanning electron microscope.
Results

Characterisation of Fallopian tubal epithelial cells in situ
Using the panel of antibodies (Table I) , three different populations of cells were identifiable within the epithelial compartment of the Fallopian tube (Figure 1a-c) . HMFG2 labelled the cytoplasm of secretory cells and the luminal surface of the majority of cells, but was negative in the cytoplasm of ciliated cells and on basal cells. LhS28 labelled the sub-apical region of ciliated cells, but was negative in secretory and basal cells. CD3, a T-lymphocyte cell marker, was expressed by all basal cells within the epithelium and by dispersed cells in the stroma, but not by ciliated or secretory epithelial cells. Oestrogen and progesterone receptors were localized in the nuclei of ciliated, secretory and some stromal cells, but were not detectable in any basal cells. There was no apparent association between the stage of menstrual cycle and the expression of specific markers or hormone receptors. Antibodies against CK7, CK8, CK18 and CK19 showed reactivity with all Fallopian tube epithelial cells (Table I) . CK17 was positive on~5% of cells. Further characterization 3116 of the CK17 ϩ population showed that expression of CK17 was restricted to a subpopulation of secretory cells and was never positive on ciliated cells (Figure 1d ). There was no reactivity with antibodies to CK4, CK10, CK11, CK13, CK14, CK16 or CK20.
MIB-1, a marker of proliferating cells, reacted with the nuclei of the majority of T-lymphocytes and~1% of secretory epithelial cells in 12/15 patients (Figure 1e ). However, 3/15 patients were found to have an increased percentage of epithelial cells (6 Ϯ 3%) expressing the MIB-1 antigen. In all cases, MIB-1 ϩ epithelial cells were secretory and never ciliated. This observation was confirmed by double-labelling of sections with MIB-1 and LhS28, which showed that none of the ciliated cells was proliferating.
Characterization of primary tubal epithelial cells in the presence and absence of oestradiol-17β
Primary tubal epithelial cells cultured on glass reached confluency between 3 and 5 days post-plating. HMFG2 was strongly expressed in the cytoplasm of the majority of cells in all cultures (Figure 2a) . In 14/16 tubal cultures all cells were LhS28 negative. LhS28 reacted intensely in a punctate pattern with Ͻ0.1% of cells in 2/16 cultures. CD3 was negative in all cultures. Progesterone receptors were localized within the nuclei of all cells (Figure 2b ). Oestrogen receptors were localized predominantly within the nuclei, but also showed weak expression in the cytoplasm (Figure 2c ). Cultured tubal cells expressed the same cytokeratin isotypes as tissue sections, with intense expression of CK7, CK8, CK18 and CK19 in all cells and CK17 in~5% of cells. Double labelling of MIB-1 and E3 showed that MIB-1 was positive on the majority of cells and did not correlate with CK17 expression (Figure 2d ).
The addition of 150 pg/ml oestradiol-17β had no effect on the expression of cytokeratins or hormone receptors compared to controls containing no oestradiol-17β. However, an increase in the number of cells expressing LhS28 was observed in 5/5 cultures in the presence of oestradiol-17β. LhS28 reacted intensely in a punctate pattern (Figure 2e ). The proportion of cells expressing LhS28 varied between areas of the same culture since positive cells were found in dispersed clusters. Up to 20% of cells were positive within a single cluster but overall~5% of cells were LhS28 ϩ . The proportion of LhS28 cells was similar for cells cultured for between 4 and 11 days post-confluency in the presence of oestradiol-17β.
Morphology of tubal cells cultured on Cellagen and cellulose ester inserts in the presence and absence of 150 pg/ml of oestradiol-17β
Scanning electron microscopy of Fallopian tubal cells grown on Cellagen inserts showed that the cells had a 'cobblestone' appearance with many microvilli, but no cilia. However, ciliated cells were observed in 4/5 cultures when 150 pg/ml of oestradiol-17β was added to the culture medium postconfluency (3-6 days) (Figure 3) . In 2/5 cultures at least onethird of cells had long, well-developed cilia. In a further 2/5 cultures, a small proportion of cells had well developed cilia and a proportion had structures that were longer and thicker than microvilli and may have been developing cilia. In one culture, neither cilia nor evidence of developing cilia was observed. In the cultures where a high proportion of cells were ciliated, the maximum number of cilia was observed at 6-11 days after the addition of oestradiol-17β (i.e. 10-15 days postplating). The Cellagen membranes detached from the inserts at~15 days in culture, so that cells could not be cultured for longer periods of time.
Discussion
This is the first study to report the identification of immunochemical markers of the ciliated and non-ciliated cells which constitute the epithelium of the human Fallopian tube. Expression of the T-cell receptor-associated CD3 antigen by all basal cells within the epithelial compartment confirmed these cells to be intra-epithelial T-lymphocytes (IEL), as previously suggested by Kutteh et al. (1990) and Boheme and Donat (1992) .
Fallopian tube epithelial cells grown in culture adopt a proliferative and topographically undifferentiated phenotype. However, these same cells also retain characteristics associated with tubal epithelial cells in situ in that they show the same cytokeratin expression profile, maintain hormone receptors and express the HMFG2 marker of secretory cells. Furthermore, the cells retain the ability to differentiate along a ciliated pathway in response to oestrogen. Thus, tubal cells grown in vitro represent a valuable system for studying the cell biology of tubal cells and for investigating differentiated tubal cell function.
The identification of antibody markers is useful in defining the phenotype of cells in vitro compared to cells in situ. LhS28 is an unequivocal marker of human ciliated epithelial cells as it recognizes an antigen specifically associated with the basal body structure of the cilium (Comer et al., 1998) . The punctate immunolocalization of LhS28 observed on a proportion of oestrogen-stimulated tubal cells in vitro corresponded well with the ultrastructural localisation observed in situ (Comer et al., 1998) . Thus, LhS28 can be considered as a late marker of ciliated epithelial cytodifferentiation. The HMFG2 antibody was raised to components of the human milk fat globule membrane and has been shown to react with secretory cells of many epithelia including breast, bile duct, uterus and lung Taylor-Papadimitriou et al., 1981) . In the Fallopian tube, the secretory epithelial cells are believed to undergo a cycle of maturation and regression during the menstrual cycle (Verhage et al., 1979; Crow et al., 1994) . The absence of variation in labelling on tubes taken from different stages of the cycle, or by oestrogen-treated cells in vitro, suggests that although expression of the HMFG2 antigen is associated with the secretory cell phenotype, it does not act as a marker of hormone-dependent secretory cell maturation. Oviduct-specific proteins, some of which are only observed around the time of ovulation (reviewed by Maguiness et al., 1992; Gandolfi, 1995) , may be useful in distinguishing the hormone-dependent maturation states of secretory cells.
Several lines of evidence suggest that tubal ciliated cells are derived by differentiation from cells of a secretory-like phenotype. LhS28 ϩ cells were induced by oestrogen from cultures in which all cells were positive for HMFG2. Furthermore, only epithelial cells with a secretory HMFG2 ϩ phenotype and morphology, and never cells with a ciliated LhS28 ϩ phenotype and morphology, were MIB-1 positive, a marker of proliferating cells, in sections of Fallopian tube. Although this is only circumstantial evidence that secretory cells are the precursors of ciliated cells, it is in agreement with studies of the upper respiratory tract, where epithelial cells of a secretory cell phenotype can be induced to undergo ciliogenesis under appropriate in-vitro conditions (Hanamure et al., 1994) and the ciliated cell is non-proliferative and considered to be terminally differentiated (Inayama et al., 1988; Randell et al., 1991) . Ultrastructural studies in man (Hagiwara et al., 1992; Crow et al., 1994) and neonatal hamster (Abe and Oikawa, 1993) have identified cells in which both secretory granules and ciliogenetic elements coexist in the same cell. This supports the idea that secretory cells can differentiate into ciliated cells, although it could also be taken as prima-facie evidence for the existence of a multipotent precursor which can differentiate into either cell type via an intermediate cell type. In this case, HMFG2 may be expressed by the immature multipotent precursors and retained by differentiated secretory cells.
In agreement with Moll et al. (1983) , Fallopian tube epithelium was found to express CK7, CK8, CK18 and CK19. The expression of CK17 by a sub-population of tubal secretory epithelial cells has not previously been noted, however, due to the non-availability of specific CK17 antibodies. In other epithelia, CK17 expression has been associated with basal cells (Troyanovsky et al., 1989 (Troyanovsky et al., , 1992 . The significance of differential expression of CK17 by a subpopulation of secretory tubal epithelial cells is at present unclear, as it did not appear 3119 to relate directly to proliferative activity in situ or in vitro. Further characterization of secretory tubal epithelial cells in situ and in vitro and the identification of more discriminatory markers of secretory cell maturation stage, may help define whether the secretory cell population can be further differentiated into stem, precursor and mature cells.
Expression of the LhS28 antigen and ciliogenesis was induced by oestradiol, confirming the role of oestrogen in regulating the differentiation of ciliated cells. A higher proportion of cells grown on collagen membranes formed cilia than cells grown on glass, suggesting that the substratum may also influence tubal epithelial cell differentiation. These observations are consistent with data from mouse mammary epithelial cells, where extracellular matrix constituents such as collagen and laminin modulate the hormonally dependent expression of β-casein (Emerman et al., 1979; Streuli and Bissell, 1990; Streuli et al., 1995) . In addition, cultured respiratory tract epithelial cells become ciliated following growth at an airliquid interface on floating collagen gels (Hanamure et al., 1994; de Jong et al., 1994; Clark et al., 1995) . Further work will be required to determine whether the increased ciliation seen when tubal cells are induced to differentiate on collagen membranes compared to glass is due to cell:matrix interactions through integrin binding, the polarization of cells on a permeable substrate, or other factors. In addition such studies will be instructive in determining the factors required for terminal differentiation of secretory cells and secretion of embryotrophic factors.
Tubal cells used in co-culture with embryos are generally grown on a non-permeable artificial substrate in the absence of oestrogen. Under these conditions, tubal epithelial cells adopt an immature phenotype, which may explain the failure to demonstrate a specific advantage of co-culture with tubal cells as opposed to other somatic cell types. Further characterization of in-vitro systems with respect to the role of oestrogen and progesterone balance in promoting differentiation and cyclical maturation of the epithelium is required before the potential advantage of co-culture experiments and the role of the tubal epithelium in embryo development can be explored in any meaningful way.
